Biotin, fluorescein, and tetramethylrhodamlne derivatives of P 1 -(6-aminohex-l-yl)-P 2 -(5'-adenosine) pyrophosphate were synthesized and used as substrates with T4 RNA ligase.
INTRODUCTION
Several methods have been used to add both nucleotlde and other derivatives to the 3'-terminus of RNA.
A common technique involves the perlodate oxidation of the 2',3'-cis hydroxyls of the terminal rlbose and a subsequent coupling of the desired addendum to the aldehyde groups. This method has been used to introduce various functional groups onto RNA; e.g. , biotin or fluorescent dyes for use as in situ hybridization probes (1,2), a fluorophore or antigenic determinant to probe the location and accessibility of the 3'-end of rRNAs in _E. coll ribosomes (3, 4) , and a photoafflnlty label to trace the mRNA binding region of ^. coli ribosomes (5) . Although the perlodate method provides a general means to chemically modify the 3'-end of RNA, there is no analogous enzymatic methodology. Such an enzymatic method would provide a gentle, highly specific, and facile way to modify RNA.
We have been examining bacterlophage T4 RNA ligase as a means of accomplishing this goal. This versatile enzyme catalyzes a variety of reactions; the intra-and inter-molecular Joining of RNA or DNA, the addition of single mononucleotides to RNA or DNA, and the addition of nonnucleotide compounds to the 3'-hydroxyl of RNA in an ATP-independent reaction (6, 7) . The latter reaction is based upon using analogues of one of the covaleot intermediates of the reaction mechanism (Ado-5'PP5'-RNA) as
substrates. For example, we have shown that a number of (5-substituted ADP derivatives of the form Ado-5'PP-X will transfer P-X to the 3'-hydroxyl of an RNA acceptor to form a 3'-pho8phodiester bond and release 5'-AMP (8) .
In this paper we describe the chemical synthesis of four new ADP derivatives and give reaction conditions that allow then to be used as substrates with T4 RNA ligase. They are used to modify the 3'-terminus of oligorlbonucleotides, yeast tRNA pyrophosphate (ADP-HA) was prepared by the methods of Barker et al. (10, 11) and Trayer et al. (12) . Blotlnyl-N-hydroxysuccinimide ester (NHS-biotin)
was prepared by the procedures described by Bayer and Wilchek (13) . NHS-[carbonyl-^Clbiotin was prepared as described by Jasiewicz et al. (14) .
T4 RNA ligase was purified as described (15 High voltage paper electrophoresis on Whatman 3MM paper was performed in 50 raM TEABC, pH 8, 2 mM EDTA and 5Z 2-propanol at 50 V/cm for 3 hours using a Savant Model FP-30A flat bed apparatus. Denaturing polyacrylamide gel electrophoresis was as described by Maxara and Gilbert (17) for 201 and 8Z gels.
Synthesis of P
1 -(N-blotlnyl-6-amlnohex-l-yl)-P 2 -(5'-adenoslne) pyrophosphate (ADP-HA-biotin). ADP-HA, 2.7 3 pmol, and 13.2 ymol of NHS-biotin were dissolved In 0.42 ml 20 mM sodium borate, pH 9, 60X DMF. After 5 hours at room temperature in the dark, the mixture was applied to a DEAE-Sephadex A-25 column (0.9 x 15 era) and eluted with a 200 ml gradient of 0.1 to 1 M TEABC, pH 7.5. The last peak of material absorbing light at 260 nm was pooled and repeatedly dried under vacuum with methanol and stored at -20°C in H 2 0. The Rf values by cellulose thin layer chromatography in solvent I were 0.18, 0.48, and 0.82 for ADP-HA, ADP-HA-biotin, and biotin, respectively. Phosphate analysis and UV spectroscopy revealed 2.08 raol of organic phosphate per mol of compound.
A^(259 nm) = 15,400 M~1cm~1. Yield: 2.5 ymol, 92X. N 6 -(N-biotlnyl-6-ajninohex-l-yl)-adenosine 3',5'-bispho8phate
(pA-HA-biotin-p) was synthesized from pA-HA-p and NHS-biotin as described for ADP-HA-biotin. column (1 x 35 cm) as described (19) , except the elution used 10, 30, and 40 mM ammonium acetate washes. The ADP-HA-TMR was further purified by reverse phase HPLC using a Beckman Ultrasphere C8 column (0.46 x 25 cm).
The sample was applied to the column in raethanol:H 2 0 :: 20:80 (v/v) at The unlabeled acceptor A(pA),pC was prepared exactly as was the labeled tetramer except in a 0.3 nl reaction mixture with 2 mM ATP, 2 mM (Ap) 2 A and 4 mM pCp.
Characterization of substrates.
The nucleoside pyrophosphates were analyzed by: 1) the determination of their total and free phosphate content as described by Chen et al. (23) using the ashing procedure of Ames and Dubin (24) and 2) by hydrolysis with VPD (70 yg/ml) in 20 mM HEPES, pH 8.3, and 10 mM MgCl 2 for 1 hour at 37°C followed by BAP treatment (90 ug/ral) under the same conditions. The digested mixtures were analyzed by thin layer chromatography on cellulose in solvent I or C18 reverse phase plates In solvent V. Thin layer plates were developed with a molybdate spray for phosphates (25) , a ninhydrin spray for primary amines and a potassium iodoplatlnate spray (10Z KI:5Z HjPtClg:HjO: :45:5:50) for biotln (26) .
Adenine and fluorescent compounds were detected with short and long wavelength DV light, respectively.
Assays of the joining reactions. Table 1 shows the reaction conditions that were used for each type of acceptor RNA tested.
The acceptor RNA and Ado-5'PP-X were dried under vacuum in 1.5 ml slllconlzed Eppendorf tubes. The remaining components were C]biotin were assayed by trlchloroacetic acid precipitation and filtration on nitrocellulose or by polyacrylamide gel electrophoresis. The * ^-labeled product was quantified by liquid scintillation counting. When using the fluorescent donor ADP-HA-TMR, the reactions were assayed by polyacrylamide gel electrophoresis followed by mlcrodensltotnetry of the photographic negative of the ethidiun bromide stained gel (27) .
Characterization of products.
The oligonucleotlde products were analyzed by hydrolysis with RNase A (60 ug/ml) or, in addition, BAP (60 ug/ml) at 37°C for 2 hours. The ADP-HA-^clblotin - Figure 1 . Characterization of the T4 RNA ligase reaction between (Ap) 3 C and ADP-HA-biotin. Incubation was at 17°w ith 3 wM RNA ligase in 30 ul as described in Table 1 For reactions using ADP-HA, the chroraatograns were treated with a ninhydrln spray. For reactions using ADP-HA-blotin the chroraatograa8 were treated with an iodoplatinate spray or monitored for [ 1 '*C]biotin. ADP-HA-TMR was detected by viewing under long wavelength UV light.
The yeast tRNA Phe and 5S RNA products were monitored for [^"*C]biotin or for fluorescently labeled gel bands. Quantum yield determinations were as described by Melhado et al. (37) .
RESULTS
Ollgomer reactions.
The new Ado-5'PP-X compounds served as substrates in the ATPindependent RNA ligase reaction.
The nonadenylyl group (P-X) was added to the 3'-hydroxyl of (Ap) 3 C releasing 5'-AMP.
When a reaction mixture containing [Cyd Each modified (Ap) 3 C was applied separately to the 0.8 ml column and washed successively with 0.01 M NaH 2 P0 l4 , pH 7.0, 1 M NaCl (S); 0.01 M NaH-PO^, pH 7.0, 1 M NaCl, 2 M urea (SU); and 6 M guanidlne hydrochloride (GuHCI), pH 2.5.
Fractions of 1 ml were collected at a flow rate of 2 ml/hr. (Fig. ID) . HA-biotin migrates at the solvent front. When reactions containing nool amounts of (Ap) 3 C and ADP-HAbiotin were run, the expected product 5'-AMP could be identified by paper chromatography. These findings confirm that a 3'-phosphodiester bond linked the oligomer and biotln residue in the product oligorlbonucleotlde and that 5'-AMP was formed. Since the 3 H/ 11( C ratio in the product shows a 1:1 ratio of (Ap) 3 C to biotln, the structure of the product is (Ap) 3 (29) . In contrast to the ATP-independeat reaction the products of these reactions contained an added Ado residue as well as the naned addenda. The reaction with pA-HA-biotin-p proceeded to approximately the same extent as did the ATP-independent reaction that added p-HA-biotin but at a more rapid rate.
Biotln labeled (Ap),C Binding to Avldln. Figure 2 shows the results of an experiment designed to test whether the biotln covalently linked to (Ap) 3 C is capable of efficient binding to avidin.
(Ap) 3 Cp-HA-biotin and (Ap) 3 Cp-HA were synthesized using T4 RNA llgase, purified by paper chronatography and passed over immobilized avidin agarose as described previously (1). Figure 2 shows that biotin labeled (Ap)jC is selectively bound to the column under high salt and high urea conditions which disrupt ionic and hydrophobic interactions, respectively.
Biotin labeled (Ap) 3 The reactions were incubated at 17° for 10 hr. with 32 uM ADP-HA-biotin and 6 uM RNA ligase in 15 ul as described in Table  1 .
Avidin (0.25 unit) was added prior to analysis by electrophoresis. 
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11. All reactions were as described in Table 1 Preliminary experiments using TMR-labeled V. melanogaster 5S RNA as a hybridization probe to detect 5S DNA sequences on a Southern blot indicate that from 80 to 110 fmol of 5S genes can be readily detected. When the RNA is labeled with blotin and detection is by means of steptavidin and biotinylated horseradish peroxidase (39) the sensitivity is approximately four-fold better (40) . By using the methods recently described by Leary et al. (41) for biotin labeled DNA, the sensitivity of detection of the hybridized labeled-RNAs should be considerably better than we have seen.
These techniques offer a potentially attractive alternative to methods requiring radloactively labeled RNA and the ability to form the requisite tagged RNAs by the methods we have described may facilitate their development.
In addition to the addenda we have described here, Hecht and colleagues The major advantage of modifying RNA with Ado-5'PP-X compounds and RNA ligase rather than by direct chenical methods derives from the highly specific nature of enzyme catalyzed reactions. The required organic chemistry is carried out at the level of the ADP derivative and this product can by highly purified before it is brought into contact with the RNA. The group is Joined to the RNA in a single step with the enzyme and, if the enzyne preparation is free of contaminating activities, there will be no other chemical changes in the RNA which might alter its properties. In general, the remarkable lack of specificity of RNA ligase for the P-X group of Ado-5'PP-X substrates will allow many different molecular structures to be added to RKAs. 
